1. Introduction
===============

Fungal phytopathogens pose serious problems worldwide in the cultivation of economically important plants, especially in the subtropical and tropical regions [@B1]. *Colletotrichum gloeosporioides* (Penz.) and *Sclerotium rolfsii*(Sacc.) cause anthracnose and leaf blight or stem-rot diseases in a wide variety of agricultural crops, respectively [@B2], [@B3]. Chemical fungicides are extensively used in current agriculture. However, excessive use of chemical fungicides in agriculture has led to deteriorating human health, environmental pollution, and development of pathogen resistance to fungicide. Because of the worsening problems in fungal disease control, a serious search is needed to identify alternative methods for plant protection, which are less dependent on chemicals and are more environmentally friendly. Microbial antagonists are widely used for the biocontrol of fungal plant diseases. Many species of actinomycetes, particularly those belonging to the genus *Streptomyces,* are well known as antifungal biocontrol agents that inhibit several plant pathogenic fungi [@B4], [@B5], [@B6], [@B7]. The antagonistic activity of *Streptomyces* to fungal pathogens is usually related to the production of antifungal compounds [@B8], [@B9], [@B10], [@B11], [@B12] and extracellular hydrolytic enzymes [@B12], [@B13], [@B14], [@B15]. Chitinase and β-1,3-glucanase are considered to be important hydrolytic enzymes in the lysis of fungal cell walls, as for example, cell walls of *Fusarium oxysporum, Sclerotinia minor*, and *S. rolfsii* [@B4], [@B16], [@B17].

The antifungal potential of extracellular metabolites from *Streptomyces* against some fungi was previously reported [@B6], [@B9], [@B18], [@B19], [@B20]. However, data related to the antagonistic ability of the extracellular metabolites of*Streptomyces* strains to suppress the growth of the fungal pathogens*C. gloeosporioides* and *S. rolfsii* having a broad host range are limited [@B5]. In this article, the isolation of a *Streptomyces*strain from rhizosphere soils and its ability to produce extracellular antifungal metabolite(s) against *C. gloeosporioides* and *S. rolfsii* has been reported. The levels of the extracellular chitinase and β-1,3-glucanase enzymes and their antifungal activity were determined at different growth phases. Additionally, this study investigated the antifungal activity of the cell-free culture filtrate of this antagonist to determine whether the production of the extracellular hydrolytic enzymes or secondary antifungal compound(s) is involved in its observed effect. The antifungal potential of extracellular metabolites produced by soil-borne *Streptomyces*could be exploited for its future use as a biofungicide.

2. Materials and Methods
========================

Fungal strains and culture conditions
-------------------------------------

The fungal pathogens *Colletotrichum gloeosporioides* DOAC1690 and *Sclerotium rolfsii* DOAC1521 were obtained from Department of Agriculture, Ministry of Agriculture and Cooperatives, Thailand. Both the fungi tested were grown on potato dextrose agar (PDA) (Difco, USA) plates and incubated at 28 °C for 4--6 days. Stock cultures of *C. gloeosporioides*and*S. rolfsii* were maintained on PDA slants and stored at 4 °C.

Isolation of soil-borne actinomycetes
-------------------------------------

Twenty-four random rhizosphere soil samples were collected from paddy fields and orchards in the central part of Thailand and stored in sterile plastic bags. The soil samples were suspended in 25 ml of basal salt solution (5.0 g/l KH~2~PO~4~ and 5.0 g/l NaCl) [@B21] and shaken in a rotary shaker (150 rpm) at 28 °C for 30 min. The soil suspension was diluted and heated at 50 °C for 6 min. Subsequently, 0.1 ml of diluted soil suspension was spread onto starch-casein-agar plates (soluble starch 10.0 g/l; casein 0.3 g/l; KNO~3~ 2.0 g/l; NaCl 2.0 g/l; MgSO~4~.7H~2~O 0.05 g/l; CaCO~3~ 0.02 g/l; FeSO~4~.H~2~O 0.01 g/l; KH~2~PO~4~ 2.0 g/l; and agar 18.0 g/l), which were supplemented with 50 μg/ml of filter-sterilized cycloheximide to inhibit fungal growth, and incubated at 28 °C for 12--14 days. Colonies of actinomycetes on the agar plates were picked on the basis of their morphological characteristics and purified on ISP-2 agar [@B22]. For inducing sporulation, purified colonies were subcultured onto ISP-3 [@B22].

Screening for the antagonistic activity of isolated actinomycetes against phytopathogenic fungi
-----------------------------------------------------------------------------------------------

All the isolates were screened for their *in vitro* antagonism against *C. gloeosporioides*and*S. rolfsii,* according to the modified method of Crawford et al. [@B23]. Briefly, a 20-μl suspension of spores (10^6^ spores/ml) of actinomycetes strain was spotted on one side of a PDA plate and incubated at 28 °C for 3 days. A mycelial plug of 6.0-mm diameter from 3-days-old of each fungus was cut and transferred to an actinomycetes-pregrown PDA plate. The fungal plug was additionally placed on uninoculated PDA plates separately as control treatment. The radial fungal growth in the direction of the antagonist in both the control and the dual culture plates was measured at 4 and 6 days after incubation of *S. rolfsii* and *C. gloeosporioides*, respectively. The levels of inhibition were calculated by using the equation as previously mentioned by Yuan and Crawford [@B24].

Identification of isolated antagonist
-------------------------------------

Genus identification of the SRA14 was identified by 16S rDNA sequencing. The 1498-bp fragment of 16S rDNA was amplified in a thermocycler (Perkin Elmer Cetus Model 480) by using universal primers of 27f (5\'-AGA GTT TGA TCC TGG CTC AG -3\') and 1525r (5\'-AAG GAG GTG ATC CAG CC-3\') under the following condition: 94C for 5 min, 35 cycles of 94C for 60 sec, 55C for 60 sec, 72C for 90 sec and final extension at 72C for 5 min. Approximately 1500-bp of PCR product was directly sequenced by a BigDye terminator cycle sequencing kit (PE Applied Biosystems, USA) on an ABI 310 automated DNA sequencer (Applied Biosystems, USA). Homology of the 16s rDNA sequence of isolate was analyzed by using BLAST program from Genbank database (http: [www.ncbi.nlm.gov/BLAST/](http://www.ncbi.nlm.gov/BLAST/)).

Quantitative determination of extracellular chitinase and β-1,3-glucanase activities
------------------------------------------------------------------------------------

The strain SRA14 was grown in ISP-2 broth with continuous shaking at 150 rpm at 28 °C for 9 days. Cell-free supernatants were collected at 1-day intervals by centrifugation at 8,000 rpm for 20 min at 4 °C. Cell pellets were dried at 80 °C and weighed to determine the growth. Chitinase activity was quantitatively determined by measuring the reducing end group of N-acetylglucosamine (NAG) [@B25] that degraded from colloidal chitin as substrate. The estimation of chitinase activity was carried out by the procedure described by Wang et al. [@B26]. The β-1,3-glucanase activity was measured according to the method of Singh et al. [@B17] with slight modifications, using laminarin from *Laminaria digitata* (Sigma, USA) as substrate. The amount of glucose released by the action of β-1,3-glucanase enzyme was measured by using dinitrosalicylic acid solution [@B27]. Total protein concentration was assayed by the method of Bradford [@B28] using the Bio-Rad protein assay dry reagent (Bio-Rad, USA), with bovine serum albumin as the protein standard.

In vitro antifungal activity of extracellular metabolites in cell-free culture filtrates
----------------------------------------------------------------------------------------

To prepare the cell-free culture filtrate, the antagonist was cultured into ISP-2 broth and incubated on an incubator shaker (150 rpm) at 28 °C. The fermentation broth was collected during the exponential and stationary phases. Cells were removed by centrifugation at 8,000 rpm for 20 min at 4 °C. Cell-free supernatant was filtered aseptically through a sterile membrane with 0.45-μm pore size and stored at 4 °C. The growth inhibitory effects of the extracellular metabolites from culture filtrates were estimated by using the radial growth inhibition assay as described previously by Prapagdee et al. [@B29] with some modifications. Fungal growth inhibition was expressed as the percentage of radial growth inhibition relative to the control.

Fungal hyphal morphology as affected by the crude extracellular metabolites
---------------------------------------------------------------------------

*C. gloeosporioides* or *S. rolfsii* were separately grown on PDA plates at 28 °C for 3 days. Fungal mycelia were aseptically deposited on the surface of microscopic slides covered with thin (5.0-mm-thick) layers of PDA containing 20% (v/v) cell-free culture filtrate. The inoculated slides were incubated at 28 °C in the dark for 3 days. The fungal hyphae present on the slides were stained with lactophenol cotton blue dye (Fluka, Switzerland), and subsequent changes in the morphology of young emerging hyphae were observed using a light microscope (40X).

Effects of heat and proteinase K on the antifungal activity of extracellular metabolites
----------------------------------------------------------------------------------------

To investigate the stability of the antifungal metabolites, exponential and stationary culture filtrates were either treated with 0.1 mg/ml of proteinase K (Sigma, USA) at 37 °C for 60 min or boiled for 45 min. The inhibitory effects of the treated culture filtrates on the radial growth of *C. gloeosporioides* and *S. rolfsii* were determined as described above.

Statistical analysis
--------------------

The means and standard deviations of the inhibition levels, radial growth, and activities of chitinase and β-1,3-glucanase were calculated. Data were analyzed by one-way analysis of variance (ANOVA). Significant differences (p ≤ 0.05) between the means were determined by the DUNCAN multiple range tests.

3. Results and Discussion
=========================

Antifungal activity of a potent antagonistic Streptomyces strain isolated from rhizosphere soils
------------------------------------------------------------------------------------------------

One hundred and forty-six strains of indigenous actinomycetes were isolated from rhizosphere soils. Among 146 strains, only 10 strains showed antagonistic ability by inhibition of the growth of both experimental fungi (Table [1](#T1){ref-type="table"}). The percentages of isolated actinomycetes with antifungal activity against either *C. gloeosporioides, S. rolfsii,* or both fungi were 86.3%, 8.9%, and 6.8%, respectively. Twenty-one isolates strongly inhibited the growth of *C. gloeosporioides* whereas two isolates were very active against *S. rolfsii* (Table [1](#T1){ref-type="table"}). Only one isolate, designated SRA14, had a strong antagonistic activity to both *C. gloeosporioides* (Figure [1](#F1){ref-type="fig"}; a1) and *S. rolfsii* (Figure [1](#F1){ref-type="fig"}; b1). The results indicated that SRA14 grown on PDA plate released an extracellular diffusible metabolite(s) that inhibited the hyphal growth of both *C. gloeosporioides* and *S. rolfsii*. The antagonistic potential of actinomycetes to pathogenic fungi involved the production of extracellular hydrolytic enzymes and, moreover, secondary antifungal compounds were also reported [@B4], [@B10], [@B12]. The strain SRA14 was identified as the genus *Streptomyces*on the basis of its structural and morphological characteristics [@B22]. Analysis of the 16S rDNA gene sequences showed that SRA14 is closely related to *Streptomyces hygroscopicus* (98% similarity) with GenBank database accession number AB184760. Getha and Vikineswary [@B8] reported that *Streptomyces violaceusniger* G10, synonymous with *S. hygroscopicus*, showed a strong antagonism against *F. oxysporum* f.sp. *cubense* by producing extracellular antifungal metabolites.

The production of extracellular chitinase and β-1,3-glucanase enzymes by a potent antagonist
--------------------------------------------------------------------------------------------

It has been reported that antifungal mechanism of antagonists has been attributed to the action of hydrolytic enzymes such as chitinase, β-1,3-glucanase, chitosanase, and protease [@B21], [@B26], [@B30], [@B31]. The production of extracellular chitinolytic and β-1,3-glucanolytic enzymes in the strain SRA14 were determined at different growth phases. There was no chitosan or related substrate containing in ISP-2 broth. The level of chitinase was sharply increased during the exponential phase and dramatically declined when the cells entered the stationary phase (Figure [2](#F2){ref-type="fig"}). The strain SRA14 produced relatively high levels of chitinase (5.2 U/mg protein) at day1 of the incubation period. Meanwhile, the highest level of β-1,3-glucanase (0.67 U/mg protein) was found at day 2 of the incubation period and subsequently decreased slightly during the stationary phase (Figure [2](#F2){ref-type="fig"}). As stated in many previous reports, the production of chitinase and β-1,3-glucanase enzymes by *Streptomyces*was related to fungal growth inhibition and the biological control of fungal pathogens was possible because of the ability of *Streptomyces* to degrade fungal cell walls [@B4], [@B13], [@B14], [@B15]. It should be noted that one of the possible antifungal mechanisms of the strain SRA14 may be associated with the production of extracellular chitinase and β-1,3-glucanase enzymes.

Growth suppression of C. gloeosporioides and S. rolfsii by extracellular antifungal metabolites in cell-free culture filtrates
------------------------------------------------------------------------------------------------------------------------------

The increased levels of hydrolytic enzymes during the exponential phase led to an investigation of the antifungal potential of culture filtrates collected from the exponential and stationary phase cells. The radial growth of *C. gloeosporioides* and *S. rolfsii* was inhibited by 20% (v/v) exponential and stationary culture filtrates in comparison with the control culture (Figure [3](#F3){ref-type="fig"}). The results indicated that fungal growth suppression resulted from the presence of extracellular antifungal metabolites in culture filtrates. El-Abyad et al. [@B19] reported that the culture filtrate of either *Streptomyces pulcher*or *Streptomyces canescens*at a concentration of 80% (v/v) inhibited the growth of *F. oxysporum*f.sp. *lycopersici, Verticillium albo-atrurn,*and *Alternaria solani*. The decrease in the degree of fungal growth inhibition corresponded to the decrease in concentration of the culture filtrate (Data not shown). The growth inhibitory effect of culture filtrates decreased with the extension of fungal incubation period. Other previous studies reported that the decreases in the degree of growth inhibition were associated with the increases in the incubation period of the fungal culture [@B19], [@B30].

The percentages of the radial growth inhibition of *C. gloeosporioides* by the exponential and stationary culture filtrates on the day 3 of incubation were 50.0% and 72.8%, respectively. The mycelial growth of *S. rolfsii* was more suppressed by the stationary culture filtrate (38.2%) than by the exponential culture filtrate (17.7%). Culture filtrates significantly inhibited the growth of *C. gloeosporioides,* which was better than the growth inhibition of *S. rolfsii*. The results indicated that the stationary culture filtrate possessed a higher antifungal potential than the exponential culture filtrate. These findings imply that the antifungal potential of the exponential culture filtrate was probably related to the increased production of hydrolytic enzymes, particularly chitinase. It has been reported that chitinase from *T. harzianum* rifai T24 was able to lysis the cell walls of *S. rolfsii* [@B16]. There is a possibility that the increased antifungal activity against the fungi tested in these experiments by the stationary culture filtrate of the strain SRA14 is a consequence of the production of extracellular secondary antifungal compound(s). The production of secondary antifungal compound(s) as antibiotics has been already reported in many species of *Streptomyces* [@B7], [@B9], [@B11]. Antibiotic production by *S. hygroscopicus* can inhibit a broad range of fungal pathogens such as *Rhizoctonia solani, Pythium ultimum, F. oxysporum, and Sclerotinia homeocarpa* [@B18], [@B20].

Extracellular antifungal metabolites cause an abnormal change in the morphology of fungal hyphae
------------------------------------------------------------------------------------------------

The finding that extracellular metabolites in the culture filtrates of the strain SRA14 inhibited the growth of pathogenic fungi prompted the investigation of the effects caused by its metabolites on the growth of the hyphal structure. Light microscope investigation revealed that extracellular metabolites in the culture filtrates caused the cellular changed in hyphal morphology including hyphal swelling, distortion and cytoplasm aggregation (as marked arrow in Figure [1](#F1){ref-type="fig"}; a2 and b2). A greater degree of hyphal distortion was observed on PDA plate amended with 20% (v/v) stationary culture filtrate. It has been reported that chitinase and β-1,3-glucanase enzymes are able to lyse fungal cell walls and are responsible for the suppression of fungal growth [@B17], [@B21]. According to Joo [@B6], *Streptomyces halstedii* AJ-7 produces extracellular chitinase and causes abnormal hyphal morphology. The culture filtrate of *Pseudomonas aeruginosa*K-187 causes growth aberration, hyphal swelling, and lysis of many fungi due to its high content of chitinase enzyme [@B31]. Abnormal hyphal structures such as thickness and bulbous roundedness of the inhibited fungal hyphae resulting from diffusible secondary compounds have been previously reported [@B11]. The antifungal antibiotics of *S. violaceusniger*G10 showed *in vitro* antagonistic effects against *F*. *oxysporum* f.sp. *cubense,* such as hyphal swelling and the inhibition of spore germination [@B8]. The fungal growth inhibition by the strain SAR14 is likely to be due to the presence of extracellular metabolites both hydrolytic enzymes and secondary antifungal compound(s).

Stability of extracellular antifungal metabolites to heat and proteinase K treatment
------------------------------------------------------------------------------------

On the basis of the results from *in vitro* studies, either the combination of extracellular hydrolytic enzymes and secondary antifungal metabolite(s) or the secondary antifungal metabolite(s) alone can be assumed to play a major role in the inhibition of fungal growth. To clarify this assumption, the exponential and stationary culture filtrates were treated by heating at 100 °C for 45 min or with proteinase K at 37 °C for 60 min before testing of antifungal bioassay. The results showed that the antifungal activity against *C. gloeosporioides* (Figure [4](#F4){ref-type="fig"}a) and *S. rolfsii* (Figure [4](#F4){ref-type="fig"}b) by heat-treated and proteinase K-treated exponential culture filtrate was significantly reduced compared to the antifungal activity of the untreated exponential culture filtrate. No significant difference in the percentage of growth inhibition for both experimental fungi was observed between the heat-treated and proteinase K-treated exponential culture filtrates. The antifungal potential of the treated exponential culture filtrate against *C. gloeosporioides* and *S. rolfsii* was decreased 9.1 and 3.9 fold, respectively, in comparison with the untreated exponential culture filtrate. In contrast, there was no significant reduction in the percentage of inhibition by heat-treated and proteinase K-treated stationary culture filtrates to *C. gloeosporioides* (Figure [4](#F4){ref-type="fig"}a) and *S. rolfsii* (Figure [4](#F4){ref-type="fig"}b) compared to the untreated stationary culture filtrate.

The results of this study confirmed that the antifungal potential of the exponential culture filtrate was caused by heat labile proteins such as extracellular hydrolytic enzymes that were largely produced during the exponential phase, particularly chitinase enzyme. Fungal growth inhibition by the stationary culture filtrate was related to the presence of unknown thermostable antifungal compound(s) rather than to the presence of hydrolytic enzymes. *Streptomyces violaceusniger*YCDE9 was reported not only to produce the extracellular hydrolytic enzymes but also to excrete three antifungal compounds [@B12]. The current findings suggest that extracellular hydrolytic enzymes in the exponential culture filtrate and secondary thermostable compound(s) in the stationary culture filtrate of the strain SRA14 play an important role in the inhibition of the growth of *C. gloeosporioides* and *S. rolfsii*.
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![**Antagonisms of the potent antagonist SRA14 against (a) *C. gloeosporioides*and (b) *S. rolfsii* on PDA plates.** *In vitro* antagonism of SRA14 to the phytopathogenic fungi was evaluated on PDA plates. The strain SRA14 was grown on PDA plate for 3 days before inoculating the plate with a 6.0-mm-diameter mycelial plug of either *C. gloeosporioides*or *S. rolfsii* and incubated at 28 °C. Growth inhibitory activity was observed after 6 and 4 days of paired-culture testing for (a1) *C. gloeosporioides*and (b1) *S. rolfsii*, respectively, in comparison to the controls. Hyphal morphology of 3-day-old (a2) *C. gloeosporioides*and (b2) *S. rolfsii* grown on PDA amended with 20% (v/v) stationary culture filtrate of the SRA14 was observed by light microscopes (40X).](ijbsv04p0330g01){#F1}

![**Time-course experiments related to growth, chitinase activity, and β-1,3-glucanase activity in the strain SRA14.** The strain SRA14 was grown in ISP-2 broth. At the indicated times, cell pellets were harvested for growth determination by dry weight measurement (◊). Cell-free supernatants were also collected for enzymatic assays. Chitinase (▲) and β-1,3-glucanase (●) assays were conducted as described previously by Wang et al. [@B26] and Singh et al. [@B17], respectively. Values presented are the means and standard deviation of three independent experiments.](ijbsv04p0330g02){#F2}

![**Antifungal effects of culture filtrates obtained from the strain SRA14 as observed by the radial growth inhibition of phytopathogenic fungi.** *C. gloeosporioides*was grown on PDA plates, modified with either 20% (v/v) exponential (○) or stationary (∆) culture filtrates. Antifungal effects of exponential (●) and stationary (▲) culture filtrates on the growth of *S. rolfsii* were also tested. Control culture of *C. gloeosporioides*(□) and *S. rolfsii* (■) were cultivated on culture filtrate-free PDA. Mycelial growth of both fungi was monitored by measuring the colony diameter at 1-day intervals. The experiment was independently repeated at least three times and representative data are shown.](ijbsv04p0330g03){#F3}

###### 

**Effects of heat and proteinase K on the antifungal activity of culture filtrates to (a) *C. gloeosporioides* and (b) *S. rolfsii.*** Exponential and stationary culture filtrates from the strain SRA14 were treated with proteinase K at 37 °C for 60 min or boiled for 45 min. The treated 20% (v/v) culture filtrates were mixed with warm molten PDA and their antifungal activities against *C. gloeosporioides* and *S. rolfsii* were assessed by radial growth inhibition assay. Fungal growth was measured after 3 days of incubation and the percentage of growth inhibition was calculated. Data are presented as the mean of triplicate experiments and the error bars indicate the standard deviations.
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###### 

Antifungal activity of the isolated actinomycetes against *C. gloeosporioides*and *S. rolfsii*

  Antifungal activity^a^   Number of strains (%) of soil-borne actinomycetes possessing antifungal activity against the fungi tested^b^                 
  ------------------------ -------------------------------------------------------------------------------------------------------------- ------------- -------------
  \+ + +                   21 (14.4%)                                                                                                     2 (1.4%)      1 (0.7%)
  \+ +                     69 (47.3%)                                                                                                     9 (6.2%)      8 (5.5%)
  \+                       36 (24.6%)                                                                                                     2 (1.4%)      1 (0.7%)
  \-                       20 (13.7%)                                                                                                     133 (91.1%)   136 (93.1%)

The antifungal potential of isolated actinomycetes against*C. gloeosporioides*and *S. rolfsii* was assessed by dual culture technique. The levels of growth inhibition were determined by the differences between the diameters of the radial fungal growth of a control culture (γ~0~) and the radial fungal growth of paired-cultures (γ) in the direction of actinomycetes as indicated by this equation; ∆γ = γ~0~ − γ [@B24].

^a^ The ratings of inhibition levels were modified from those of El-Tarabily et al. [@B4].

^b^Each isolate was tested using five replications.

^a^ + + + = ∆γ ≥ 20 mm

\+ + = ∆γ ≥ 10 - 19 mm

\+ = ∆γ ≥ 5 - 9 mm

\- = ∆γ \< 5 mm (No antifungal activity)
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